A theoretical model for electron-impact total ionization cross sections, which has been found to be reliable for a wide range of molecules, is applied to molecules of interest to atmospheric science. The new theory, the binary-encounter-Bethe (BEB) model, combines the binaryencounter theory and the Bethe theory for electron-impact ionization, and uses simple theoretical data for the ground state of the target molecule, which are readily available from molecular structure codes. Total ionization cross sections of 11 molecules, CS, CS 2 , COS, CH 4 , H 2 S, NH 3 , NO 2 , N 2 O, O 3 , S 2 , and SO 2 , are presented for incident electron energies from threshold to 1 keV with an average accuracy of 15% or better at the cross section peak. We also found that the use of vertical ionization potentials (IPs) rather than adiabatic IPs for the lowest IPs significantly improves BEB cross sections between the threshold and cross section peak for molecules whose adiabatic and vertical IPs are different by ~1 eV or more (CH 4 and NH 3 ). The BEB cross sections are presented in a compact analytic form with a small number of constants, making the cross sections suitable for modeling applications.
I. INTRODUCTION
In earlier publications, 1, 2 we have demonstrated that a new theoretical method, the binary-encounter-Bethe ͑BEB͒ model, provides reliable electron-impact total ionization cross sections for molecules using very simple input data for the ground state, all of which can be obtained from standard molecular wave function codes. There are no adjustable or fitted parameters in the theory. The BEB model does not provide details such as resonances in the continuum, vibrational and/or rotational excitations concomitant with ionization, multiple ionization, and dissociative ionization. It simply predicts the total ionization cross section as the sum of ionization cross sections for ejecting one electron from each of the molecular orbitals. We also have demonstrated that it is valid from the first ionization threshold to several keV incident electron energies.
In this article, we apply the BEB model to 11 molecules of interest to atmospheric science: CS, CS 2 , COS, CH 4 , H 2 S, NH 3 , NO 2 , N 2 O, O 3 , S 2 , and SO 2 . Some of these molecules, e.g., H 2 S, are not only pollutants on the Earth but have been found on comets. 3 As was the case for about two dozen atoms and molecules reported earlier, 1,2 the BEB model provides cross sections in good agreement with available experimental data. To the best of our knowledge, our total ionization cross section for NO 2 is the first of its kind reported in the literature.
In earlier applications of the BEB model, we chose to use experimental adiabatic ionization potentials ͑IPs͒ for the lowest IP so that the BEB cross section will have appropriate threshold to compare to experimental data. We used adiabatic IPs for this purpose, mainly because this type of IPs are easy to find for many molecules and radicals. However, adiabatic IPs are not associated with a specific molecular orbital but with the appearance of specific ion products, while vertical IPs are associated with individual molecular orbitals in the ground state of the neutral molecule. Since the BEB model is based on molecular orbitals, it seems more appropriate to use the vertical IPs, as is done in photoionization. Although the BEB cross section is insensitive to a small shift in an IP value, we found that using vertical IPs significantly improved the agreement between theory and experiment when the adiabatic and vertical IPs are different by ϳ1 eV or more. Relatively large differences in adiabatic and vertical IPs are observed in molecules whose geometrical structure changes drastically when ionized or in molecules subject to strong Jahn-Teller effect, i.e., molecules with valence orbitals of high symmetry. When we used vertical IPs, the BEB cross sections for CH 4 and NH 3 improved considerably near the threshold compared to available experiments. The main advantages of the BEB model are twofold: the theory is valid for the entire incident energy range from threshold to several keV, and it is in an analytic form with simple constants providing compact analytic expressions for the total ionization cross section suitable for applications in atmospheric modeling.
The underlying theory is briefly outlined in Sec. II, the total ionization cross sections of individual molecules are presented in Sec. III, and conclusions are presented in Sec. IV. 
II. OUTLINE OF THEORY
The BEB model is a simpler version of the binaryencounter-Dipole ͑BED͒ model for electron-impact ionization cross sections of atoms and molecules. 2 The BED model combines the binary-encounter theory 4 and the Bethe theory. 5 The connection between the binary-encounter theory and the Bethe theory is determined by requiring the asymptotic form at high incident energy T of the former to match that of the latter both in the ionization cross section and in the stopping cross section. The stopping cross section is used to evaluate the stopping power of the target medium. The BED model provides a formula to calculate the singly differential cross section, or the energy distribution of ejected electrons d/dW with the ejected electron energy W, for each atomic or molecular orbital. To apply the BED model, one needs for each orbital the electron binding energy B, the average kinetic energy Uϭ͗p 2 /2m͘ with the bound electron momentum p and the electron mass m, the electron occupation number N and the continuum dipole oscillator strength d f /dW.
The value of the kinetic energy U for each orbital in the initial state ͑usually the ground state͒ of the target is a theoretical quantity evaluated in any atomic or molecular wave function code that calculates the total energy. However, both the initial-and continuum-state wave functions are needed to calculate d f /dW and this is the only nontrivial data needed to apply the BED model. Alternatively, d f /dW can be deduced from experimental photoionization cross sections, though partial cross sections are needed to deduce d f /dW for each orbital.
For most molecules, however, it is difficult in practice to obtain d f /dW for each orbital. In Eq. ͑2͒, the term associated with the first logarithmic function on the right-hand side ͑rhs͒ represents distant collisions ͑large impact parameters͒ dominated by the dipole interaction, and the rest of the terms on the rhs represent close collisions ͑small impact parameters͒ as described by the Mott cross section. 6 The second logarithmic function originates from the interference of the direct and exchange scattering also described by the Mott cross section.
We present the values of B,U and N for the 11 molecules in this article in Tables I and II . The molecular wave function data are from the molecular structure code GAMESS. values of B are often smaller than theoretical ones, the BEB cross sections obtained using experimental B values are usually higher ͑by 10%-15% at the cross section peak͒ than those obtained using theoretical B values. Using the experimental value for the lowest electron binding energy ͑ϭfirst IP͒ will not only assure that the cross section starts at the right threshold but also we found that the shape and magnitude of the BEB cross section near the threshold agree better with known experimental cross sections. On the other hand, the cross sections with theoretical values of B tend to agree better with experiment near the peak (Tϳ100 eV͒. For closed-shell molecules, we used the restricted Hartree-Fock ͑RHF͒ method with a Gaussian basis set ͑known as the 6-311-G set͒ provided by the GAMESS code. For open-shell molecules, we found that the unrestricted Hartree-Fock ͑UHF͒ method produced more realistic orbital energies-which we took as the electron binding energies as prescribed by the Koopman theorem-for valence orbitals than the restricted open-shell Hartree-Fock ͑ROHF͒ method. Although the UHF method has the disadvantage of producing a pair of orbital and kinetic energies (␣ and ␤ orbitals͒ the valence orbital energies from the ROHF method were often unrealistically small, making the corresponding cross section too large. On the other hand, using B and U values from the UHF method produces cross sections almost identical to those produced using the average between the B and U values from the matching ␣ and ␤ orbitals. The B and U values presented in Table II are these average values for open-shell molecules.
In practice, the BEB model is insensitive to minor variations in the values of B and U used, except for the lowest B. For this reason, we used the experimental values for the lowest B, which are available for many molecules, 8 and theoretical values for the remaining orbitals. For example, the theoretical value for the lowest B of CS is 12.68 eV compared to the experimental value of 11.33 eV.
Using all experimental values of B is not only difficult because often experimental data for inner shells do not exist, but also it is not necessarily more useful because there is no matching ''experimental'' values of U. Hence, we limited the use of experimental B values to the first IPs only. Even then, we must decide whether to use the adiabatic IP or the vertical IP. Although photoionization and electron-impact ionization are not equivalent, the use of vertical IPs obtained from photoelectron analyses seems reasonable because such IPs are identified with the orbitals of the parent molecule, 9 as our B values are in the BEB model. Moreover, we found that, for molecules with significant differences between adiabatic and vertical IPs, the use of vertical IPs produced BEB cross sections in much better agreement with available experiments as is shown in Sec. III.
III. APPLICATION TO MOLECULES
In this section, we compare the BEB cross sections to the experimental values of ten molecules. We were unable to find experimental cross sections to be compared to the BEB cross section for NO 2 . Some experiments measured the ''gross'' ionization cross section, which is determined by measuring the total ion current rather than the number of ions. On the other hand, BEB cross sections are ''counting'' ionization cross sections, which account for the number of singly charged ions produced. When many multiply charged ions are produced, a gross ionization cross section will be noticeably larger than a counting ionization cross section at high T. Hence, BEB cross sections should be considered as the lower limits to experimental gross ionization cross sections. In many experiments, both molecular ions as well as their fragments are collected using mass spectrometers. Since the BEB cross sections are simple sums of cross sections for ejecting one electron from each molecular orbital, the theory cannot give a detailed account of dissociative ionization or fragments produced. Hence, comparisons of the theory with experiments on large molecules with diverse channels for dissociative ionization and fragmentation are not straightforward. For simplicity, we compared our theoretical cross sections to the simple sum of all experimental partial cross sections that produced an ion. Nevertheless, the comparisons presented here will clearly demonstrate wide applicability of our theory.
A. Carbon monosulfide (CS)
Experimental data for CS by Freund et al. 10 are compared to the BEB cross section in Fig. 1 . The experimental data are partial cross sections for the production of CS ϩ ions only, and hence should be lower than our theoretical cross section. The experimental data by Freund et al. show a general trend of being much higher than the BEB cross section for TϽ30 eV ͑see Figs. 1, 2 , and 10͒ and then flattening for higher T when the production of other fragmented ions becomes significant. The reason for the disagreement with the data by Freund et al. at low T is unclear because the BEB cross sections for other molecules in this article and in Ref. 1 at low T agree very well with experiment in shape and magnitude.
B. Carbon disulfide (CS 2 )
Experimental data for CS 2 by Freund et al. 10 and those by Rao and Srivastava 11 are compared to the BEB cross section in Fig. 2 . We also modified the BEB cross section in this case to use a reduced value of U for the outermost valence molecular orbital, 2 g , as we did in Ref. 1 . When a molecular orbital is dominated by an atomic orbital-in this case by the 3p orbital of S-with high principal quantum numbers, its kinetic energy is high, and makes the cross section too low because U enters the cross section formula, Eq. ͑2͒, in the denominator. To correct this situation, we divide U by the principal quantum number of the dominant atomic orbital. We used the Mulliken population analysis as our guide: when more than 90% of the population density of a molecular orbital comes from a valence atomic orbital, we used this reduction of U. The BEB cross section curve marked ''BEB͑U/3͒'' in the figure used the reduced value of U, as indicated in Table I .
As was the case for CS, the data by Freund et al. 10 is a partial cross section for the production of CS 2 ϩ and should be a lower limit to the BEB cross section.
C. Carbonyl sulfide (COS)
The only set of experimental data for COS is the data by Srivastava, 12 which is compared with the BEB cross section in Fig. 3 . There is excellent agreement between theory and experiment for low TϽ100 eV, but the experiment peaks at a higher T than the theory. Also, the shape of the experimental cross section at TϾ500 eV disagrees with the theoretical shape. This trend at high T is also seen in the experimental data on H 2 S by the same group ͑see Fig. 5͒ .
D. Methane (CH 4 )
We have published the BEB cross section for CH 4 earlier 1 using the adiabatic IP of 12.51 eV. 8 Methane is a typical example of a molecule affected by the Jahn-Teller effect such that the photoionization peak of the six electrons in the 1t 2 valence orbital is spread out between 12.5 and 16 eV. 13 The center of gravity of this broad peak is approximately 14.25 eV, almost 2 eV higher than the adiabatic IP. Because of the manner in which B enters the BEB cross section through S in Eq. ͑2͒, a higher B value results in a smaller cross section. In Fig. 4 , we compare available experimental data [14] [15] [16] [17] with the BEB cross sections using the adiabatic and vertical IPs. It is clear that the agreement between theory and experiment between the threshold and TϽ100 eV is significantly improved by using the vertical IP.
E. Hydrogen sulfide (H 2 S)
Experimental data for H 2 S by Rao and Srivastava 18 and those by Belić and Kurepa 19 are compared to the BEB cross section in Fig. 5 . The data by Rao and Srivastava agree very well with the BEB cross section which used a reduced value of U for the outermost molecular orbital, 2b 2 . The experimental data, however, deviates from the theory for TϾ300 eV in the same manner as the experimental data 12 for COS ͑see Fig. 3͒ . We found that the data by Belić and Kurepa agree with our theory very well when we renormalized their peak value to the theory. The renormalized data became so close to those by Rao and Srivastava that it was difficult to distinguish the two sets of data.
Khare and Meath 20 used a method similar to ours in spirit, i.e., a combination of the Mott cross section and the Bethe theory. Their theory uses empirical values of d f /dW and provides partial ionization cross sections. However, the sum of their partial cross sections for H 2 S is about one-half of the BEB cross section.
F. Ammonia (NH 3 )
Similar to the case of CH 4 , the BEB cross section we have published earlier 1 with the adiabatic IP was too high at TϽ100 eV compared to available experiments. 21, 22 The neutral NH 3 molecule is pyramidal while the NH 3 ϩ ion is planar. This change in shape makes the vertical IP to be 10.88 eV 23 while the adiabatic IP is 10.16 V. 8 Although this difference is not as pronounced as the difference in CH 4 , we still found the use of the vertical IP improved the agreement between experiments and the BEB cross section at TϽ100 eV as is shown in Fig. 6 .
G. Nitrogen dioxide (NO 2 )
To the best of our knowledge, there is no experimental data for the total ionization cross section of NO 2 to compare to the BEB cross section in Fig. 7 . Unlike other molecules in this article, NO 2 is an open-shell molecule, and we used the UHF method to calculate the ground-state wave function. The value of B and U are the average of those for ␣ and ␤ orbitals as was mentioned in Sec. II. Also, NO 2 is an unusual molecule in that more NO ϩ ions are produced than NO 2 ϩ ions at low T both by electron-impact ionization 24 and by photoionization. 25 Similar to NH 3 , NO 2 changes its shape upon ionization: The neutral NO 2 is bent while the NO 2 ϩ ion is linear. The vertical IP is 11.23 eV 9 while the adiabatic IP is 9.75 eV. 8 This difference is large enough to make the BEB cross section at TϽ100 eV to reduce visibly in Fig. 7 .
H. Nitrous oxide (N 2 O)
Two sets of experimental data for N 2 O, those by Rapp and Englander-Golden 14 and those by Iga et al., 26 are compared to the BEB cross section in Fig. 8 . Both sets of data and the theory in Fig. 8 are in excellent agreement with each other. The data by Rapp and Englander-Golden are a classic example of a gross ionization cross section, where the ion current was measured instead of counting the number of ions produced. Of the many molecules we have applied the BEB theory so far in Refs. 1 and 2 and the present work, the experimental data by Rapp and Englander-Golden consistently agree with the theory within 15% and often much better, making us believe that the BEB model is very reliable for total ionization cross sections.
Märk et al. 27 measured partial ionization cross section of N 2 O for the production of N 2 O ϩ by electron impact. Their peak cross section is 1.49ϫ10 Ϫ20 m 2 at Tϭ110 eV.
I. Ozone (O 3 )
Experimental data by Siegel 28 and those by Newson et al. 29 on O 3 are compared to the BEB cross section in Fig. 9 are the sum of these three sets of partial cross sections, and hence can be regarded as the total ionization cross section.
When we renormalized the data by Newson et al. to match the theoretical peak value, their experimental data and the BEB cross section agreed very well for the entire range of T as can be seen in Fig. 9 . This is an indication that the Siegel data may have been too low, perhaps by about 60%. The difference between the vertical IP of 12.75 eV 9 and the adiabatic IP of 12.43 eV 8 is too small to make any discernible difference in the BEB cross section.
J. Disulfur (S 2 )
The experimental data for S 2 by Freund et al. 10 are compared to the BEB cross section in Fig. 10 . The ground state of S 2 is an open-shell, triplet state. Hence, we used the UHF method, and averaged the B and U values for the ␣ and ␤ molecular orbitals. Since S 2 is a homonuclear diatomic molecule, the atomic orbitals from each atom equally contribute to a matching molecular orbital.
We now face the question of whether or not to divide the U values of the outer molecular orbitals by the principal quantum number of the matching atomic orbital, as we did in some molecules with atoms that contain M-shell atomic orbitals. We chose to do this when a molecular orbital was dominated by an atomic orbital with a high uϭU/B value to bring the BEB cross section into a better agreement with experiment. Comparison with the experimental data by Freund et al. ͑see Fig. 10͒ indicates that we should use reduced values of U because the experimental data are partial cross sections corresponding to the production of S 2 ϩ only, and should lie below our BEB cross section at high T. The flat shape of the experimental data in Fig. 10 above Tϭ20 eV is an indication of missing ions other than the parent ion S 2 ϩ .
K. Sulfur dioxide (SO 2 )
Unlike NO 2 , there are many sets of experimental data for SO 2 . [30] [31] [32] [33] We compare them to the BEB cross section in Fig.  11 . Basner et al. 32 actually report three distinct sets of cross sections, one set measured at the Universität Greifswald in Germany, another set measured at the City University of New York, and a semiempirical cross section based on an additivity rule by one of the authors at Greifswald. We present these three sets of cross sections individually in Fig.  11 , and except for additivity, they are all in good agreement with the BEB cross section with a reduced value of UЈϭU/3. The BEB cross section with UЈ also agrees with the latest experimental data by Lindsay et al., 33 though not by the Ϯ3.5% accuracy claimed by the authors. It is clear from Fig. 11 that the BEB cross section is reliable within ϳ10% from the threshold to Tϭ1 keV.
The outermost molecular orbital, 8a 1 , is dominated by the 3p atomic orbital of sulfur, and hence we divided its U value by 3 as is shown in Table II . Again, the difference between the vertical IP of 12.50 eV 9 and the adiabatic IP of 12.32 eV 8 is too small to affect the BEB cross section.
IV. CONCLUSION
We have demonstrated that BEB cross sections provide reliable electron-impact total ionization cross sections for a large variety of molecules, from the ionization threshold to incident energies in the keV range. The calculation of BEB cross sections requires only a minimal set of constants from molecular orbitals for the ground state of the target molecule, which are readily available from molecular structure codes.
We have also shown that the use of the vertical IP rather than the adiabatic IP significantly improves the agreement between theory and experiment at TϽ100 eV when the vertical IP is larger than the adiabatic IP by ϳ1 eV or more. Although there are references on vertical IPs of common molecules, we would like to see more photoelectron data on vertical IPs of radicals and molecules of interest to plasma chemistry and semiconductor fabrication. One can usually judge if a vertical IP will be sufficiently different from the matching adiabatic IP by comparing the geometrical shape of the parent molecule and that of the resulting molecular ion. Molecules with strong Jahn-Teller effect are also expected to show significant differences between vertical and adiabatic IPs.
Moreover, the BEB equation consists of a simple analytic function of the incident energy for each molecular orbital that contributes to the ionization cross section, making the equation ideally suited for modeling applications. Molecular orbital constants needed to construct BEB cross sections for the molecules in this article are presented in Tables  I and II. Work is in progress to extend the BEB model to other molecules of interest to plasma chemistry modeling.
